Theoretical calculations of the reactivity of dibenzothiophene and its methyl, dimethyl, and trimethyl derivatives show that local reactivity descriptors reproduce their experimental desulfurization reactivity trend if the first desulfurization step involves directly the sulfur atom, which only occurs if the sulfur atom is blocked at most by one methyl group. In the series of molecules {4,7-dimethyldibenzothiophene, ,4,7-trimethyldibenzothiophene ( = 1, 2, 3)}, the most reactive molecule is 2,4,7-trimethyldibenzothiophene, and local descriptors show that the reactivity is linked to the activity of the sulfur atom, which is higher in 2,4,7-trimethyldibenzothiophene due to the position of the third methyl substitute, located in the para position with respect to the carbon bonded to the sulfur atom. The electrostatic potential of 2,4,7-trimethyldibenzothiophene shows one effective adsorption site, while 1,4,7-trimethyldibenzothiophene and 3,4,7-trimethyldibenzothiophene have more sites, contributing to the higher reactivity of 2,4,7-trimethyldibenzothiophene. The index of reactivity of other descriptors was evaluated and the effect of the position of the methyl substituents on adsorption parameters, as the dipole moment and the atomic charges were also studied.
Introduction
Desulfurization processes of refractory organosulfur compounds such as 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) and their alkyl derivatives show major technological and scientific challenges. To transform these molecules through direct desulfurization, the organosulfur molecules should adsorb through the sulfur atom oriented perpendicularly to the catalytic surface [1, 2] . The refractory organosulfur molecules exhibit steric effects on their sulfur atom by one or two methyl substitutes on the aromatic rings that make these molecules very difficult to adsorb with the appropriate orientation to the catalytic surfaces. The level of hindrance in the sulfur atom is not the only factor involved in the desulfurization of these molecules, because, even for molecules that show the same level of hindrance in their sulfur atom, its experimental reactivity exhibits different behavior [3] [4] [5] . For example, studies of desulfurization of organosulfur molecules in the group 1,4,7-trimethyldibenzothiophene (1,4,7-TMDBT), 2,4,7-trimethyldibenzothiophene (2,4,7-TMDBT), and 3,4,7-trimethyldibenzothiophene (3, 4, show that 2,4,7-TMDBT has a rate constant two times higher than 1,4,7-TMDBT and 3,4,7-TMDBT, which are classified as low reactive compounds, as the refractory molecule 4,6-DMDBT [3] . Figure 1 shows a scheme of the series of molecules { ,4,7-TMDBT, ( = 1, 2, 3)}. The position of the third methyl in 2,4,7-TMDBT is in the para position (with respect to the carbon atom bonded to the sulfur atom), and that position can explain the higher reactivity of 2,4,7-TMDBT, but the position of the third methyl cannot explain the differences observed in the other two molecules, which have their third methyl in the meta position.
There are several computational chemistry studies in the literature dealing with physical [6, 7] and chemical properties [8, 9] of organosulfur compounds. Studies of adsorption and reactivity of organosulfur molecules on catalytic surfaces using Density Functional Theory (DFT) methodologies have gained insight into the molecular phenomena associated with Scheme of the studied molecules in the series of molecules { ,4,7-TMDBT, ( = 1, 2, 3)}: X(H)-C 1 <, X(H)-C 2 <, and X(H)-C 3 < represent 4,7-DMDBT; X(CH 3 )-C 1 <, X(H)-C 2 <, and X(H)-C 3 < represent 1,4,7-TMDBT; X(H)-C 1 <, X(CH 3 )-C 2 <, and X(H)-C 3 < represent 2,4,7-TMDBT; X(H)-C 1 <, X(H)-C 2 <, and X(CH 3 )-C 3 < represent 3,4,7-TMDBT.
these processes [10] [11] [12] . These calculations allow us to predict the active sites for adsorption and chemisorption on specific catalytic surfaces, but due to computation limitations, the size of the studied systems only contains at the most a few hundred atoms. Reactivity descriptors predict the reactivity behavior of molecules based only on the changes that occur within the molecule, without the need to study the whole reaction system [13, 14] . The reactivity descriptors are also used to predict the reactivity trend in a group of molecules for specific reaction attacks [15] [16] [17] .
In this paper, we study the reactivity trend in the series of molecules named DBT, { -MDBT, ( = 3, 4)}, { ,6-DMDBT, ( = 3, 4)}, 3,7-DMDBT, { ,3,6-TMDBT, ( = 1, 2)}, { ,3,7-TMDBT, ( = 1, 2)}, { ,4,6-TMDBT, ( = 1, 2, 3)}, and { ,4,7-TMDBT, ( = 1, 2, 3)}, where dibenzothiophene is abbreviated to DBT, methyldibenzothiophene to MDBT, dimethyldibenzothiophene to DMDBT, and trimethyldibenzothiophene to TMDBT. The reactivity is studied through local descriptors, global descriptors, and the molecular electrostatic potential (MEP) to elucidate the methyl positions which facilitate the desulfurization process. We find that local descriptors reproduce the experimental reactivity trend in the group of molecules { ,4,7-TMDBT, ( = 1,2,3)} and global descriptors also predict the molecule with the highest reactivity (2,4,7-TMDBT) within the group of studied molecules. MEP maps show that steric effects make one of the two competitive sites of 2,4,7-TMDBT inaccessible and make the sulfur atom more accessible for the adsorption process, contributing to the higher experimental reactivity of 2,4,7-TMDBT. Predictions of the highest reactivity correspond to the molecule 3,4,6-TMDBT, but all molecules with substitutes in both C 4 and C 6 show very similar experimental values, probably indicating that even though the sulfur atom is very reactive, the level of hindrance blocks its real reactivity in the desulfurization processes. This paper is organized as follows. We report the computational methodology and the equations we use to predict the molecular and reactivity properties in Section 2. The results and discussion part of the paper show results for geometrical, electrostatic, and energetic properties of all studied molecules in Section 3. We also show the MEP maps for the studied molecules and report the values of the reactivity descriptors and the predicted trend in reactivity for all series of molecules studied. Finally, we present the conclusions at the end of the paper.
Computational Methods
We obtain the most stable conformations of all molecules through energy minimizations using DFT calculations and the GAUSSIAN software [18] at the B3LYP/6-311+G(d,p) level of theory. This method and basis set has been employed to predict successfully the proton affinity values of relevant sulfur compounds, with average deviations of ∼1 kcal/mol [19] . We use the following geometry optimization convergence thresholds: 0.00045 Hartrees/Bohr or Hartrees/radians (maximum force), 0.00030 a.u. (root mean square force), 0.0018 Bohr (maximum displacement), and 0.0012 a.u. (root mean square displacement). We carry out vibrational analyses to obtain the vibrational frequencies and verify that the optimized geometries correspond to global minimums. We calculate partial charges and dipole moments using the MerzKollman population analysis [20] .
The reactivity of a molecule can be predicted using the Fukui function. This function does not need to study all reactants and catalysts that participate in a reaction but only the objective molecule. It is based on the principle that, during a reaction, there is an exchange of charge between reactants, which produces charge rearrangements within each reactant. The regions of each molecule that suffer more charge rearrangements are the most reactive sites. Then, this methodology compares the charge rearrangement within the molecule when one electron is added to or subtracted from the charge distribution in the ground state and predicts which regions suffer more changes. The condensed Fukui function [21] [22] [23] [24] is as follows:
which is related to the electrophilic attack. is the partial charge of atom . and − 1 indicate evaluations of the partial charges at the ground state and the corresponding cationic states, evaluated at the ground conformation.
In the present work, we use the electrostatic potential maps, electronegativity ( ), global softness (S), and condensed atomic softness ( ) to study the reactivity of the molecules. According to Koopmans' frontier orbital theorem [25] , can be approximately defined by the following:
where IP and EA are the vertical ionization potential and the vertical electron affinity energies, respectively. Similarly, S is approximated by the following:
while is calculated by using the following [21] : Table 1 : Electrostatic and geometric properties at the ground state for DBT and its methyl, dimethyl, and trimethyl derivatives, calculated using the DFT, the B3LYP/6-311+G(d,p) basis set, and the Merz-Kollman population analysis [20] : charge of the sulfur atom, S , the C 4 atom,
, the C 6 atom, C 6 , the dipole moment, , the bond distances, , and the bond angle, . The calculated and experimental data for DBT and thiophene are reported for comparison. [27] . c [28] . d [29] .
Results and Discussion
We obtain the most stable conformations and compare the results with available experimental data. The partial charges are evaluated using the geometry of the most stable conformations. The optimized structures of all alkyl derivatives studied show similar bond distances (S-C 4 , S-C 6 ) and bond angles (C 4 -S-C 6 ) to the corresponding values for the structure of DBT. We report the optimized bond lengths and bond angles near the sulfur atom using the B3LYP/6-311+G(d,p) level of theory in Table 1 . We report the optimized and experimental values for DBT and thiophene for comparison. The optimized values show absolute errors up to 1.80% in bond distances and 0.73% in bond angles.
No experimental values were found for the alkyl derivatives studied in this work. The optimized values for the series of molecules studied show maximum deviations from the DBT values in 3,4,7-TMDBT for both bond distance (+0.0086Å) and bond angle (+0.20 ∘ ). During desulfurization processes, organosulfur molecules first are adsorbed physically through the sulfur atom to the catalytic surface. The adsorbed states show weaker C-S bonds compared to the free molecules, which facilitates the extraction of the sulfur atom through the chemisorption process at the catalytic surface [10] [11] [12] . Larger C-S bonds in the free states develop weaker bonds in the adsorbed states. The differences in C-S bond distances among the studied molecules do not explain the differences in experimental reactivity of these molecules, probably because all these molecules have the same distribution of functional groups around the sulfur atom.
We also obtain the electrostatic properties of the molecules using the same level of theory; those electrostatic properties are the base for the reactivity calculations. The charges of the studied molecules show differences up to 0.047 | − | in the sulfur atom compared to the DBT value ( Table 1 ). The atomic charges of C 4 and C 6 are also reported in Table 1 because substitutions in the meta position (C 1 and C 3 ) can reduce the charge of C 4 making the lone pairs of the sulfur atom less reactive, while a substitution in the para position can increase the atomic charge of C 4 , making the sulfur atom more reactive. The lower value in the sulfur charges compared to DBT may contribute to the lower reactivity that is generally shown by the studied molecules compared with the reactivity of DBT. Interestingly, the alkyl derivative with the highest sulfur charge is the 4,6-DMDBT, one of the molecules with the lowest reactivity, but its low reactivity can be explained in terms of the level of hindrance of the sulfur atom. For the series of molecules { ,4,7-TMDBT, ( = 1, 2, 3)}, the charge of the sulfur atom and the experimental reactivity do not follow any relationship. The charge of C 4 only predicts which molecule will be the most reactive in the series { ,4,7-TMDBT, ( = 1, 2, 3)} but not for the other two compounds. For all series of trimethyl derivatives studied, the charge of C 4 predicts that methyl substitutions on C 2 will be more reactive than their corresponding dimethyl derivatives. [30] . b [31] . c [32] .
The effect of one methyl derivative on the dipole moment of the DBT molecule is affected by its position; substitutions on C 3 (3-MDBT) increase the dipole moment compared to DBT, while substitutions on C 4 decrease the dipole moment value (4-MDBT). The dipole moment values for all molecules studied are reported in Table 1 . We also report the calculated and experimental values for DBT and thiophene in Table 1 for comparison. We find errors in the calculated values up to 6.36% from the experimental results. The effect of adding a second and third methyl group on the dipole moment value is illustrated in Figure 2 . For dimethyl derivatives, the highest dipole moment is achieved in the 3,7-DMDBT and the lowest value is present in 4,6-DMDBT. Clearly the positions of the second methyl derivative also affect considerably the dipole moment value, showing the highest effect in 4,6-DMDBT; the addition of two methyl groups considerably reduces the dipole moment to very low values (compared to DBT), which in part explains the difficulties to desulfurate this molecule. The slightly higher dipole moment value present in 3,7-DMDBT (compared to DBT) shows a lower value than 3-MDBT, indicating a contribution elimination effect, because both substituents are located in different aromatic rings but symmetrically located with respect to the sulfur atom. For all series of compounds, the effect of a third substituent in C 1 or C 2 of the first aromatic ring has a positive effect on the dipole moment value if the values are compared to their correspondent dimethyl compounds. The highest dipole moment value corresponds to the molecule 2,3,7-TMDBT, where we found two effects; the first is due to the contribution elimination effect, due to substitutions on C 3 and C 7 , which, as seen on the corresponding dimethyl molecule, only increases slightly the value of the dipole moment; the second effect is due to the substitution on C 2 which is very similar to the effect found with only one substitution on C 3 . For substitutions on C 3 (3,4,7-TMDBT and 3,4,6-TMDBT), we found a mixed behavior; in 3,4,7-TMDBT the dipole moment value slightly decreases (compared to its correspondent dimethyl molecule) and in 3,4,6-TMDBT the dipole moment value considerably increases. This can also be explained as the contribution elimination effect (3,4,7-TMDBT) and the effect of only one methyl on C 3 (3,4,6-TMDBT).
The reactivity descriptors and S need energetic information (vertical IP and EA) of the molecules. To our knowledge there is no information published about these properties for the alkyl derivatives of DBT. We calculate the vertical IP and EA with the same level of theory as the geometry optimizations and report them in Table 2 . We also report the calculated and the available experimental data for thiophene and DBT in Table 2 . For thiophene, the calculated value for vertical IP reproduces the experimental result, while the calculated value for vertical EA shows an absolute error of 11.9%. For DBT, the calculated value for IP shows an absolute error of 1.7%. For the calculation of and S, the high error in the calculations of EA is compensated by its low magnitude. The EA value is added or rested from the IP value to calculate and S (see (2) and (3) and 35 times higher than the magnitudes of EA for all alkyl derivatives studied. Then, the high errors in EA have a low impact on the final computation of and S but also make the computed values of and S very close and more difficult to be compared as reactivity descriptors. We report the calculated values of and S in Table 2 . We calculate the condensed Fukui functions − S and − S using (1) and (4), respectively, and also report the calculated values in Table 2 . The negative values found in the Fukui function reflect the loss of charge in the sulfur atom after the electrophilic attack. Similar results have been found in the thiophene molecule [17] . As expected, the global descriptors do not have a direct relationship with the experimental available data for reactivity [3] , and as the tendency of the charge of C 4 , they only predict that, for trimethyl derivatives, the substitution on the C 2 will produce higher reactivities compared to their corresponding dimethyl derivatives. Figure 3 shows the reactivity descriptors − S as a function of the natural logarithm of the relative activity for the desulfurization process for the available alkyl derivatives [3] . We calculate the experimental relative activity using the highest reported value [3] , which corresponds to the activity of 1,3,7-trimethyldibenzothiophene. For the series of molecules { ,4,7-TMDBT, ( = 1, 2, 3)} and 4-MDBT, which show the same level of hindrance in the sulfur atom, a direct relationship between − S and the relative reactivity is found, showing that the molecule 2,4,7-TMDBT is as reactive as 4-MDBT, in direct concordance with the experimental data, which classifies these two molecules with moderate reactivity [3] . The series of compounds {4,6-DMDBT, 1,4,6-TMDBT, and 3,4,6-TMDBT} show similar experimental reactivity and the same level of hindrance for the sulfur atom, probably indicating that bypassing the hindrance of the sulfur atom dominates any desulfurization process in this series of molecules. The only molecule studied experimentally that does not show any level of hindrance is 1,3,7-TMDBT; it shows the highest experimental reactivity, but the − S value classifies this molecule as a compound with intermediate reactivity, which probably indicates that other factors affect the experimental reactivity of this molecule.
The MEP mapped to the electronic density isosurface is commonly used to predict the reactive sites in a molecule [33, 34] , especially for the electrophilic attack [35] . Table 3 shows the MEPs of all molecules studied are mapped to the electronic density surface (isosurface value of 0.05 e − /Bohr 3 ). The MEP of DBT shows three possible adsorption sites; one is located at the sulfur atom; two are located at carbon atoms in the aromatic rings (C 2 and C 8 ), which is in agreement with experimental results for adsorption of DBT on catalytic surfaces [36, 37] . The sites located at the aromatic rings compete with the sulfur atom during adsorption processes and result in adsorbed states with different orientation to the surface. The orientation is flat when the molecule is adsorbed through the aromatic ring and perpendicular when adsorbed through the sulfur atom [11] . The perpendicular adsorption through the sulfur atom is needed for the direct desulfurization processes [1, 2] . Due to the steric effect on the sulfur atom, the desulfurization process of the studied molecules occurs through intermediate hydrogenation processes of the aromatic rings [1] or direct desulfurization at edges or vacancies in the catalysts [11] . Hydrogenation Table 3 : Molecular electrostatic potential mapped at the electronic density isosurface for DBT and its methyl, dimethyl, and trimethyl derivatives. Blue areas represent regions where a proton would feel repulsion while in red areas a proton would feel attraction. DBT, 3-MDBT, and 4-MDBT are also plotted for comparison. The addition of one methyl group to the DBT structure reduces the number of adsorption sites; if the methyl is located at the C 4 atom (4-MDBT), the adsorption site located at C 9 disappears and the site located at C 2 moves to the area located at the bond C 2 -C 3 , while if the methyl group is located at the C 3 atom (3-MDBT), the adsorption site located at C 2 and C 8 disappears and the adsorption site located at the sulfur atom grows to also cover the bonds C 4 -C 4 and C 6 -C 6 . Therefore, the methylation at the C 3 atom will facilitate the desulfurization process because it will eliminate the competitive adsorption through the carbon rings, while leaving the access to the sulfur atom free.
The addition of a second methyl to form 3,6-DMDBT and 3,7-DMDBT does not affect the distribution of adsorption sites. 3,6-DMDBT has the same distribution of adsorption sites as 4-MDBT, and 3,7-DMDBT has the same distribution as 3-MDBT. 4,7-DMDBT has the same structure as 3,6-DMDBT. 4,6-DMDBT increases the number of adsorption sites to three and has a similar distribution of adsorption sites as the DBT molecule. A third methyl in the series of molecules { ,3,6-TMDBT, ( = 1, 2)} and { ,3,7-TMDBT, ( = 1, 2)} does not affect the distribution of adsorption sites, and they have the same distribution of sites as their corresponding dimethyl derivatives. For the series of molecules { ,4,6-TMDBT, ( = 1, 2, 3)}, only when the third methyl is located at the C 2 atom (2,4,6-TMDBT), the number of adsorption locations reduces to two sites, but the capacity of adsorption of the sulfur atom site decreases considerably. For the series of molecules { ,4,7-TMDBT, ( = 1, 2, 3)}, 1,4,7-TMDBT shows an adsorption site at the C 2 -C 3 bond with no methyl substitutes in the aromatic ring blocking its activity. 1,4,7-TMDBT and 3,4,7-TMDBT have an active site for adsorption at the C 8 carbon with one methyl substitute blocking its activity. 2,4,7-TMDBT has an adsorption site at the C 3 atom, but the activity of C 3 is blocked by two methyl substitutes. 2,4,7-TMDBT also has an active site on C 6 , but with C 6 being close to the highest active site (S) within 2,4,7-TMDBT, its activity is lowered. Therefore, the molecule that shows less competitive activity to the sulfur atom is 2,4,7-TMDBT, because it shows one competitive site and the activity of this site is more hindered than the possible activity of the sulfur atom.
Conclusions
We calculate the structural, electrostatic, and energetic properties of DBT and its methyl, dimethyl, and trimethyl derivatives using DFT calculations at the B3LYP/6-311+G(d,p) level of theory.
The addition of methyl groups to the DBT structure modifies the dipole moment of the alkyl derivatives. With the dipole moment being an important parameter in the adsorption processes, we find that substitutions away from the sulfur atom (C 2 or C 3 ) increase the dipole moment. If the methylation produces symmetric substitutions in both rings (3,7-DMDBT), the increase in magnitude of the dipole moment is low due to a blocking effect. Substitutions near the sulfur atom (C 4 or C 6 ) decrease the dipole moment due to a blocking effect of the methyls on the sulfur charge, which has a positive contribution to the dipole moment.
We also predict the reactivity trend in the series of molecules, which can be explained using The MEP of DBT and its alkyl derivatives show an adsorption site located at the sulfur atom. There are other adsorption sites located at the carbons or the bonds forming the aromatic rings that can compete with the sulfur atom in adsorption processes. Only the structures of 3-MDBT and its alkyl derivatives reduce the number of adsorption sites to one located at the area near the sulfur atom and its neighbor bonds and carbon atoms. The 4,6-DMDBT and its alkyl derivatives { ,4,6-TMDBT, ( = 1, 2, 3)} show competitive adsorption sites located in the aromatic rings, which enhances the problem to desulfurate these molecules. Among the series { ,4,7-TMDBT, ( = 1, 2, 3)}, only the 2,4,7-TMDBT molecule shows one active site near the sulfur atom, explaining its high reactivity compared to the other molecules of this series of compounds.
